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The in-medium properties of the heavy spin-3/2 Σ∗Q, Ξ
∗
Q and Ω
∗
Q baryons with Q being b or c
quark are investigated. The shifts in some spectroscopic parameters of these particles due to the
saturated cold nuclear matter are calculated. The variations of those parameters with respect to
the changes in the density of the cold nuclear medium are studied, as well. It is observed that the
parameters of Σ∗Q baryons are considerably affected by the nuclear matter compared to the Ξ
∗
Q and
Ω∗Q particles that roughly do not see the medium. The results obtained may be used in analyses of
the data to be provided by the in-medium experiments like PANDA.
PACS numbers:
I. INTRODUCTION
The vacuum and in-medium hadronic spectroscopies
are powerful tools for investigation and understand-
ing of the internal structures of hadrons as well as
the perturbative and non-perturbative natures of QCD.
In the last two decades, the spectroscopy of heavy
baryons has been received much attention both theo-
retically and experimentally. All heavy baryons with
a single heavy b or c quarks predicted by the quark
model have been discovered [1], except Ω∗b state that
is expected to be found in near future considering the
new developments in experimental side. Indeed, many
ground state and excited resonances in different chan-
nels have also been discovered [2–9]. Very recently,
the LHCb Collaboration found five narrow resonances,
Ωc(3000),Ωc(3050),Ωc(3066),Ωc(3090),Ωc(3119) in Ωc
channel in the Ξ+c K
− invariant mass spectrum [10], but
unfortunately did not fix their quantum numbers. Af-
ter the discovery, many theoretical manipulations on the
nature and structure of these states were appeared [11–
20]. Some authors treated them as usual three-quark
resonances [11–14], some other interpreted them as new
penta-quark states [17, 18]. Experimental and theoreti-
cal works on the nature of these new resonances are con-
tinued. In the doubly heavy baryons’ side, the doubly
charmed Ξ++cc was newly founded in Λ
+
c K
−π+π− mass
spectrum by LHCb Collaboration [21]. In the exotic sec-
tor many heavy tetraquark and pentaquark structures
have been discovered, as well [22–32]. By the newly
recorded progresses, we hope that we will found more
exotic resonances and complete the picture of the doubly
and triply charmed/bottom baryons previously predicted
by the theory [33–40].
The single heavy baryons have already been studied
in vacuum within different non-perturbative approaches,
like the relativistic quark model, chiral quark model,
QCD sum rules, etc [41–49]. To better analyze the results
of the in-medium and heavy-ion collision experiments as
well as the heavy baryon-nucleon interaction, we need to
study the in medium properties of these baryons, as well.
The study of many parameters of hadrons in nuclear mat-
ter is an important tool for better understanding of the
hadronic dynamics under extreme conditions. Such in-
vestigations can also help us get deeper knowledge on the
nature of the quark-gluon plasma as a new phase of mat-
ter. The in-medium properties of many hadrons have
been already investigated (for instance see [50–57, 59]
and the references therein). In Ref. [50], the authors
studied the medium modifications of baryon properties
in nuclear many-body system, especially in Λ hypernu-
clei in the Friedberg-Lee model. In Ref. [51], using the
QCD sum-rule approach, the authors determined the self-
energies and the energy of the quasi-Σ, -Λ hyperons and
quasi-neutron states and their density behaviour in neu-
tron matter. The finite-density QCD sum-rule approach
was also applied in Ref. [52] for the investigation of Σ hy-
perons self-energies propagating in nuclear matter. The
author of Refs. [53, 54] studied the masses, vector self-
energies and residues of the heavy ΛQ and doubly heavy
ΞQQ and ΩQQ baryons in the nuclear matter using the
QCD sum rule approach, as well. In Ref. [55], the QCD
sum rule was applied in the instanton medium to calcu-
late the polarization operator of the nucleon current. The
in-medium spectroscopy of heavy spin-1/2 and light de-
cuplet baryons were discussed in Refs. [56, 57] where the
authors were applied the in-medium QCD sum rules to
calculate the masses, vector self-energies and residues of
these baryons and determine their density-dependent be-
haviour. In a study about charmed baryon Λc in nuclear
matter [58], the authors studied density dependences of
the mass and self-energies of Λc in nuclear matter in the
parity projected QCD sum rule. In a recent review arti-
cle on heavy hadrons in nuclear medium [59], the current
studies were reviewed with a summary of the basic theo-
retical concepts of QCD, namely chiral symmetry, heavy
quark spin symmetry, and the effective Lagrangian ap-
proach.
In the present work, we investigate the heavy spin-3/2
Σ∗Q, Ξ
∗
Q and Ω
∗
Q baryons using the in-medium QCD sum
rule approach. We discuss the shifts in some spectro-
scopic parameters of these particles due to nuclear mat-
2κ q1 q2
Σ∗Q
√
2/3 u d
Ξ∗Q
√
2/3 s u
Ω∗Q
√
1/3 s s
TABLE I: The values of the normalization constant κ and the
quark flavors q1 and q2 for the heavy baryons with J
P = 3/2+.
ter. We also study variations of those parameters with
respect to the changes in the density of the cold nuclear
medium.
This work is organized in the following form. In Sec.
II, for the Σ∗Q, Ξ
∗
Q and Ω
∗
Q baryons, the in-medium sum
rules for masses, residues and vector self-energies are ob-
tained. In Sec. III, the numerical analysis for physical
observables under consideration are performed. We move
some lengthy expressions to the Appendix.
II. SPECTROSCOPIC PROPERTIES OF
SPIN-3/2 Σ∗Q, Ξ
∗
Q AND Ω
∗
Q BARYONS IN COLD
NUCLEAR MATTER
The following in-medium two-point correlation func-
tion in momentum space is used to extract the in-medium
hadronic parameters of the baryons under consideration
in terms of the in-medium operators of quarks and glu-
ons:
Πµν(p) = i
∫
d4xeip·x〈ψ0|T [ζµ(x)ζ¯ν (0)]|ψ0〉, (1)
where p is the four momentum of the heavy flavoured
baryon with spin 3/2 and T is the time ordering operator.
The |ψ0〉 in this equation is the nuclear matter ground
state and it is featured by the nuclear matter rest frame
nucleon density ρN and the in-medium four-velocity uµ.
The colorless interpolating field ζµ composed of quark
fields with the same quantum numbers of the Σ∗Q,Ξ
∗
Q
and Ω∗Q baryons is
ζµ = κǫ
abc
{
(qaT1 Cγµq
b
2)Q
c + (qaT2 CγµQ
b)qc1
+ (QaTCγµq
b
1)q
c
2
}
, (2)
where a, b and c are color indices, T denotes a transpose
in Dirac space and C is the charge-conjugation operator.
The values of the normalization constant κ and the light
quark contents of different members are collected in Table
I.
The aforementioned correlation function is calculated
on hadronic and QCD sides. In QCD representation, the
calculations are done with the help of the operator prod-
uct expansion (OPE) in medium. Firstly, the hadronic
side is obtained by inserting a complete set of baryonic
state with the same quantum numbers as the interpolat-
ing current. Then, the integral over four-x is performed.
As a result, we get
ΠHADµν = −
〈ψ0|ζµ(0)|BQ(p
∗, s)〉〈BQ(p
∗, s)|ζ¯ν(0)|ψ0〉
p∗2 −m∗2BQ
+ ..., (3)
where p∗ is in-medium four-momentum,m∗BQ is the mod-
ified mass of the |BQ(p
∗, s)〉 heavy baryon state with
spin s in nuclear matter, and dots show contributions of
higher resonances and continuum states. The in-medium
residue or coupling strength of the heavy baryon, λ∗BQ ,
can be defined through the matrix element
〈ψ0|ζµ(0)|BQ(p
∗, s)〉 = λ∗BQuµ(p
∗, s), (4)
where u(p∗, s) is the Rarita-Schwinger spinor. The
hadronic side of the correlation function is evolved by
inserting Eq. (4) into Eq. (3) and summing over the
spins of the BQ baryon state.
Before going further, it should be mentioned that the
current ζµ couples to both the spin-1/2 and the spin-3/2
states. But only the contributions of the spin-3/2 states
must be considered and the pollution of spin-1/2 states
should be removed. To this end, the matrix element of
ζµ between the spin-1/2 and the in-medium ground state
is parameterized as
〈ψ0|ζµ(0)|
1
2
(p∗)〉 =
(
K1p∗µ +K2γµ
)
u(p∗), (5)
where K1 and K2 are some constants. Using the condi-
tion ζµγ
µ = 0, one can immediately calculate the con-
stant K1 in terms of K2,
〈ψ0|ζµ(0)|
1
2
(p∗)〉 = K2
(
−
4
m∗
1/2
p∗µ + γµ
)
u(p∗), (6)
where m∗
1/2 is the in-medium mass of the spin-1/2 heavy
baryonic state. As is seen from Eq. (6), the spin-1/2
state’s contributions are proportional to the p∗µ and γµ.
Therefore, to eliminate these unwanted contributions, the
Dirac matrices are ordered in a specific way and the con-
tributions of the spin-1/2 particles are set to zero.
To proceed, the Eq. (4) is inserted into Eq. (3) and
summation over spins of the Rarita-Schwinger spinor is
applied,
∑
s
uµ(p
∗, s)u¯ν(p
∗, s) = −(6p∗ +m∗BQ)
[
gµν −
1
3
γµγν
−
2p∗µp
∗
ν
3m∗2BQ
+
p∗µγν − p
∗
νγµ
3m∗BQ
]
. (7)
As a result, we get
ΠHADµν (p) =
λ∗BQ λ¯
∗
BQ
(6p∗ +m∗BQ)
p∗2 −m∗2BQ
[
gµν −
1
3
γµγν
−
2p∗µp
∗
ν
3m∗2BQ
+
p∗µγν − p
∗
νγµ
3m∗BQ
]
+ ..., (8)
3where p∗µ = pµ − Σµ,v and m
∗
BQ
= mBQ + Σ
S . Here,
Σµ,ν and Σ
S are the in-medium vector and scalar self
energies, respectively. These physical observables can be
calculated using QCD sum rules. The two independent
vectors: the four-momentum of the particle, pµ, and the
four-velocity of the medium, uµ, have contributions to
the vector self-energy in the following way:
Σµ,v = Σvuµ +Σ
′
vpµ, (9)
where Σv and Σ
′
v are constants and due to its small con-
tribution, Σ′v can be ignored.
Infinite nuclear matter has a natural rest frame that
for the spatial components, the expectation value of the
baryon current is zero but the time component of it in the
same frame is the baryon density ρN . In this study, the
calculations are operated in the rest frame of the nuclear
medium, i.e. uµ = (1, 0). After some manipulations, the
physical part of the correlation function can be decom-
posed in terms of different structures as
ΠHADµν (p0, ~p) = λ
∗
BQ λ¯
∗
BQ
(6p− Σv 6u+m
∗
BQ
)
p2 +Σ2v − 2p0Σv −m
∗2
BQ
[
gµν
−
1
3
γµγν −
2
3m∗2BQ
(
pµpν − Σvpµuν
−Σvuµpν +Σ
2
vuµuν
)
+
1
3m∗BQ
(
pµγν
−Σvuµγν − pνγµ +Σvuνγµ
)]
+ ....(10)
After ordering of the Dirac matrices as γµ 6 p 6 uγν and
removing the pollution of the spin-1/2 states by setting
the terms having γµ at the beginning and γν at the end
and those that are proportional to pµ and pν to zero, we
have
ΠHADµν (p0, ~p) =
λ∗BQ λ¯
∗
BQ
(p0 − Ep)(p0 − E¯p)
[
m∗BQgµν + gµν 6p
−Σvgµν 6u−
4Σ2v
3m∗BQ
uµuν −
2Σ2v
3m∗2BQ
uµuν 6p
+
2Σ3v
3m∗2BQ
uµuν 6u
]
+ ..., (11)
where p0 = p ·u is the energy of the quasi-particle and Σv
is the vector self energy. In the mean field approximation,
Ep = Σv +
√
p2 +m∗2D is the positive energy pole and
E¯p = Σv −
√
p2 +m∗2D is the negative energy pole.
In terms of the spectral densities the hadronic part
reads
ΠHADµν (p0, ~p) =
1
2πi
∫ ∞
−∞
dω
∆ρHADµν (p0, ~p)
ω − p0
, (12)
where the corresponding hadronic spectral density is
found as
∆ρHADµν (p0, ~p) =
2πi
2
√
m∗2BQ + ~p
2
λ∗Dλ¯
∗
BQ
[
m∗BQgµν + gµν 6p
−Σvgµν 6u−
4Σ2v
3m∗BQ
uµuν −
2Σ2v
3m∗2BQ
uµuν 6p
+
2Σ3v
3m∗2BQ
uµuν 6u
][
δ(ω − Ep)− δ(ω − E¯p)
]
.
(13)
The correlation function can be obtained multiplying
the above spectral density with the weight function
(ω − E¯p)e
−ω2
M2 and performing the integral
ΠHADµν (p0, ~p) =
∫ ω0
−ω0
dω∆ρHADµν (ω, ~p)(ω − E¯p)e
− ω
2
M2 ,
(14)
to exclude the negative-energy pole contribution. Here
ω0 is the threshold parameter and M
2 is the Borel mass
parameter to be fixed. After performing the integral in
Eq. (14), we get the Hadronic side of the correlation
function in terms of the related structures as
ΠHADµν (p0, ~p) = λ
∗
BQ λ¯
∗
BQe
−E2p/M
2
[
m∗BQgµν + gµν 6p
− Σvgµν 6u−
4Σ2v
3m∗BQ
uµuν −
2Σ2v
3m∗2BQ
uµuν 6p
+
2Σ3v
3m∗2BQ
uµuν 6u
]
.
(15)
The other side of the sum rule is the direct calculation
of the correlation function using the interpolating cur-
rents via the OPE. In a space-like region, the short and
long range effects are separated and are written in terms
of different operators having various mass dimensions in
nuclear medium [60],
Π(p2) = ΣnC
i
n(p
2)〈Oˆn〉ρN , (16)
where the Cin are corresponding Wilson coefficients and
the 〈Oˆn〉ρN = 〈ψ0|Oˆn|ψ0〉 denote the in-medium expec-
tation values of QCD operators, i.e. the condensates.
The correlation function on QCD side can also be de-
composed in terms of the involved structures as
ΠQCDµν (p0, ~p) = Π1gµν +Π2gµν 6p+Π3gµν 6u
+ Π4uµuν +Π5uµuν 6p+Π6uµuν 6u,
(17)
where the coefficients of the above structures, Πi with
i = 1, ..., 6, are scalar functions of the invariants p2 and
p · u. In the vacuum limit only the gµν and gµν 6p struc-
tures remain non-vanishing and the coefficients Π1 and
4Π2 become functions of p
2. In the nuclear medium, the
Πi functions on QCD side can also be written as
Πi =
1
2πi
∫ −∞
−∞
dω
∆ρi
ω − p0
, (18)
where the spectral densities ∆ρi are the imaginary parts
of Πi functions.
The main aim in the following is to calculate these
spectral densities. The first step is to insert the explicit
expressions of the interpolating currents and contracting
out all quark pairs using the Wick’s theorem. This leads
to a result in terms of the heavy and light quark propa-
gators in x-space. We move the expressions obtained in
this step to the Appendix. By using the x-expressions of
the heavy and light propagators and applying the well-
known formula,
1
(x2)m
=
∫
dDk
(2π)D
e−ik·xi(−1)m+12D−2mπD/2
×
Γ[D/2−m]
Γ[m]
(
−
1
k2
)D/2−m
, (19)
we obtain an expression with three four-dimensional in-
tegrals. We can easily perform integral over four−x
leading to a Dirac Delta. The resultant Dirac Delta
function helps us to perform the second four-integral.
The final four-integral is performed using the Feynman
parametrization method. This leads to the integrals of
the form∫
d4ℓ
(ℓ2)m
(ℓ2 +∆)n
=
iπ2(−1)m−nΓ[m+ 2]Γ[n−m− 2]
Γ[2]Γ[n](−∆)n−m−2
.
(20)
To extract the imaginary parts corresponding to different
structures, the following relation is used:
Γ
[D
2
− n
](
−
1
∆
)D/2−n
=
(−1)n−1
(n− 2)!
(−∆)n−2ln[−∆].
(21)
where the condition ∆ > 0 brings constraints on the
limits of the integral over the Feynman parameter and
ln[−∆] = iπ + ln[∆].
To proceed, we multiply the obtained spectral densi-
ties by the same weight function as the hadronic side
and apply the integral over w from −w0 to +w0. Then
we put w0 =
√
s∗0, with s
∗
0 being the in-medium contin-
uum threshold. After some variable changing, the corre-
lation functions ΠQCDi (s
∗
0,M
2) in the Borel scheme are
obtained,
ΠQCDi (s
∗
0,M
2) =
∫ s∗
0
m2Q
dsρQCDi (s)e
−s
M2 . (22)
As examples , we present the explicit forms of the above
spectral densities corresponding to the structure gµν for
Σ∗b , Ξ
∗
b and Ω
∗
b baryons below:
ρ
Σ∗b
1 (s) =
1
576π4
∫ 1
0
dz
(z − 1)2
{
84mbz
2(z − 3)[m2b + s(z − 1)]
2 − 384π2z(z − 1)2
[
mqmb + 3
[
m2b + 2s(z − 1)
]]
×
(
〈u¯u〉ρN + 〈u¯u〉ρN
)
+ 2304π2mq
√
s∗0z(z − 1)
3
(
〈u†u〉ρN + 〈d
†d〉ρN
)
+ 3π2(z − 1)2[256z2 − 256z − 3]
×
(
〈u¯gsσGu〉ρN + 〈d¯gsσGd〉ρN
)
+ 12iπ2(z − 1)2(3mq − 64mbz)
(
〈u†iD0u〉ρN + 〈d
†iD0d〉ρN
)
+ π2mb(3z
4 − z3 − 13z2 + 5z + 2)〈
αs
π
G2〉ρN + 12π
2(z − 1)2(64z2 − 64z + 3)
(
〈u¯iD0iD0u〉ρN
+ 〈d¯iD0iD0d〉ρN
)}
Θ[L(s, z)], (23)
ρ
Ξ∗b
1 (s) =
1
576π4
∫ 1
0
dz
(z − 1)2
{
− 84mbz
2(z − 3)[m2b + s(z − 1)]
2 + 48π2z(z − 1)2
[
mqmb + 3
[
m2b + 2s(z − 1)
]]
×
(
〈u¯u〉ρN + 〈s¯s〉ρN
)
− 288π2mq
√
s∗0z(z − 1)
3
(
〈u†u〉ρN + 〈s
†s〉ρN
)
− 3π2(z − 1)2[32z2 − 32z − 3]
×
(
〈u¯gsσGu〉ρN + 〈s¯gsσGs〉ρN
)
+ 12iπ2(z − 1)2(−3mq + 8mbz)
(
〈u†iD0u〉ρN + 〈s
†iD0s〉ρN
)
+ π2mb(−3z
4 + z3 + 13z2 − 5z − 2)〈
αs
π
G2〉ρN − 12π
2(z − 1)2(8z2 − 8z + 3)
(
〈u¯iD0iD0u〉ρN
+〈s¯iD0iD0s〉ρN
)}
Θ[L(s, z)], (24)
5ρ
Ω∗b
1 (s) =
1
576π4
∫ 1
0
dz
(z − 1)2
{
− 96mbz
2(z − 3)[m2b + s(z − 1)]
2 + 768π2z(z − 1)2
[
mqmb + 3[m
2
b + 2s(z − 1])
]
〈s¯s〉ρN
− 4608π2mq
√
s∗0z(z − 1)
3〈s†s〉ρN − 6π
2(z − 1)2(−24− 235z + 256z2)〈s¯gsσGs〉ρN + 24iπ
2(z − 1)2[64mbz
+ 3mq(−8 + 7z)]〈s
†iD0s〉ρN + π
2mb(−16− 12z + 69z
2 + 15z3 − 24z4)〈
αs
π
G2〉ρN − 24π
2(−1 + z)2(24− 85z
+ 64z2)〈s¯iD0iD0s〉ρN
}
Θ[L(s, z)], (25)
where Θ[L(s, z)] = [−m2bz + s(z − z
2)].
As the final step the coefficients of different structures
from the hadronic and QCD sides of the correlation func-
tion are matched. As a result, we find the following sum
rules that will be used in numerical calculations of the
mass, residue and vector self-energy of the baryons un-
der consideration:
m∗BQλ
∗2
BQe
−
E2p
M2 = ΠQCD1 ,
λ∗2BQe
−
E2p
M2 = ΠQCD2 ,
−Συλ
∗2
BQe
−
E2p
M2 = ΠQCD3 . (26)
III. NUMERICAL ANALYSES
For the numerical analyses of the obtained sum rules
in the previous section, we need the numerical values of
quark and baryon masses, saturated nuclear matter den-
sity as well as the quark, gluon and mixed condensates.
They are presented in Table II.
Parameter Numeric Unit
mΣ∗
b
; mΣ∗c 5.832; 2.518 GeV
mΞ∗
b
; mΞ∗c 5.953 ; 2.646 GeV
mΩ∗
b
; mΩ∗c 6.080; 2.766 GeV
mq; σN 0.00345; 0.059 GeV
m20 0.8 GeV
2
ρsatN 0.11
3 GeV 3
〈q†q〉ρN ; 〈s†s〉ρN 32ρN ; 0 GeV 3
〈q¯q〉0; 〈s¯s〉0 (−0.241)3; 0.8〈q¯q〉0 GeV 3
〈q¯q〉ρN ; 〈s¯s〉ρN 〈q¯q〉0 + σN2mq ρN ; 〈s¯s〉0 + y
σN
2mq
ρN GeV
3
〈q†iD0q〉ρN ; 〈s†iD0s〉ρN 0.18ρN ;
ms〈s¯s〉ρN
4
+ 0.02 GeV ρN GeV
4〈
αs
pi
G2
〉
0
;
〈
αs
pi
G2
〉
ρN
(0.33± 0.04)4;
〈
αs
pi
G2
〉
0
− 0.65 GeV ρN GeV 4
〈q¯gsσGq〉0; 〈q¯gsσGq〉ρN m20〈q¯q〉0; 〈q¯gsσGq〉0 + 3GeV 2ρN GeV 5
〈q¯iD0iD0q〉ρN ; 〈s†iD0iD0s〉ρN 0.3 GeV 2ρN − 18 〈q¯gsσGq〉ρN ; 0.3y GeV 2ρN − 18 〈s¯gsσGs〉ρN GeV 5
y 0.04 ± 0.02 ; 0.066 ± 0.011 ± 0.002 -
TABLE II: Inputs parameters used in calculations [1, 60–66].
Additionally, it is necessary to fix two auxiliary param-
eters: the continuum threshold s∗0 and Borel mass param-
eter M2. The requirements for this aim according to the
standard prescriptions are: convergence of OPE, exceed-
ing of the perturbative part over the non-perturbative
one as well as the pole dominance in medium. We have
an additional restriction on the continuum threshold pa-
rameter. It depends on the energy of the first excited
state with the same quantum numbers. It means that,
for the channels under consideration, while mBQ is the
ground state energy, the energy for the first excited state
of the particle is
√
s∗0−mBQ . These conditions lead to the
intervals: s∗0 = (mBQ+[0.3÷0.5])
2 GeV2 for both b− and
c− baryons, as well as, M2 = [5÷8] GeV2 for b−baryons
6andM2 = [3÷6] GeV2 for c−baryons. To check the con-
vergence, as examples, we show the contributions of the
perturbative and different non-perturbative operators for
the structure gµν and the b− and c−quark cases with re-
spect to M2 at fixed values of the continuum threshold
and nuclear matter saturation density in figure 1. From
this figure, we see that the OPE nicely converges for both
the b and c cases in Σ∗Q channel. Indeed, the perturbative
part constitutes roughly 70% and 80% of the total contri-
bution for b and c cases, respectively. Similar results are
obtained in Ξ∗Q and Ω
∗
Q channels, as well. In figure 2, as
an example, we also show the pole contributions for both
the b and c cases in Σ∗Q channel which amount (71−84) %
and (50−72) %, respectively satisfying another condition
of the method.
FIG. 1: Contributions of the perturbative, two-quark condensate, two-gluon condensate and mixed condensate in OPE for
b-quark (left) and c-quark (right) in Σ∗Q channel in terms of M
2 at saturation density and different fixed values of in-medium
continuum threshold.
FIG. 2: The pole contributions in the Σ∗Q channel for b-quark (left) and c-quark (right) as a function of M
2 at saturation
density and different fixed values of in-medium continuum threshold.
To show the density dependence of the in-medium en-
ergy (Ep), mass (m
∗
Σ∗Q
) and vector self-energy (Σv) of Σ
∗
Q
baryon, we plot the ratio of these quantities to the related
vacuum mass (mΣ∗
Q
) as a function of ρN/ρ
sat
N at mean
values of the Borel parameter and continuum threshold
for Σ∗b baryon (left panel) and Σ
∗
c baryon (right panel) in
figure 3. In both channels, the Ep/mΣ∗
Q
ratio is almost
density independent. On the other hand, as a result of
7sum rules in Eqs. (26), there is a coupled relation be-
tween the in-medium mass and the vector self energy
of the considered baryon, while m∗Σ∗Q
/mΣ∗
Q
ratio is de-
creasing with increasing medium density, Σv/mΣ∗
Q
ratio
is increasing. The vector self energy is zero at ρN → 0
limit as expected. The mass shift due to nuclear matter
in Σ∗b channel is greater than Σ
∗
c channel. In figure 4,
we plot the Borel mass dependencies of the same ratios
of physical quantities. As required, all quantities show
good stability with respect to the changes of the Borel
mass in both the Σ∗b (left panel) and Σ
∗
c channels (right
panel). We observe similar behaviors but with relatively
less amount of shifts due to the cold nuclear medium in
other baryonic channels.
FIG. 3: The ratios m∗Σ∗
Q
/mΣ∗
Q
, Σv/mΣ∗
Q
and Ep/mΣ∗
Q
in terms of ρN/ρ
sat
N at average values of the continuum threshold and
Borel parameter for b−quark (left panel) and c−quark (right panel).
FIG. 4: Same ratios with figure 3 but as a function of M2 at the saturated nuclear matter density.
The in-medium residue to vacuum residue ratios of Σ∗Q
baryons as functions of density and Borel parameter are
presented in figures 5 and 6, respectively. The results are
presented in three different values of continuum thresh-
old parameter, and at average value of the Borel mass in
figure 5 and at saturation nuclear matter density in figure
6. In both channels, the results do not strongly depend
on the continuum threshold parameter. It is seen that
the quantities under consideration decreases linearly with
increasing the medium density and are roughly insensi-
tive to the changes of the Borel mass parameter. These
residue ratios are depicted for Ξ∗Q
8FIG. 5: The ratios λ∗Σ∗
b
/λΣ∗
b
(left panel) and λ∗Σ∗c /λΣ∗c (right panel) versus ρN/ρ
sat
N at central value of Borel mass M
2 and
different values of continuum threshold.
FIG. 6: The same ratios as figure 5, but as functions of M2 at the saturated nuclear matter density.
and 8, as well as for Ω∗Q baryons in figures 9 and 10. We
observe similar behaviors in these channels. Among all
these channels, at the saturation nuclear matter density,
the maximum shift in the residue ratios is in Σ∗c channel
and the minimum one belongs to the Ω∗b baryon.
FIG. 7: The same as figure 5, but for λ∗Ξ∗
b
/λΞ∗
b
(left-panel) and λ∗Ξ∗c/λΞ
∗
c
(right-panel).
9FIG. 8: The same as figure 6, but for λ∗Ξ∗
b
/λΞ∗
b
(left-panel) and λ∗Ξ∗c/λΞ
∗
c
(right-panel).
FIG. 9: The same as figure 5, but for λ∗Ω∗
b
/λΩ∗
b
(left-panel) and λ∗Ω∗c /λΩ∗c (right-panel).
FIG. 10: The same as figure 6, but for λ∗Ω∗
b
/λΩ∗
b
(left-panel) and λ∗Ω∗c /λΩ∗c (right-panel).
Obtained from analyses, we collect the average values of the ratios m∗BQ/mBQ , Σv,BQ/mBQ and λ
∗
BQ
/λBQ at
10
saturation density in Table III. Among the presented re-
sults, we see considerable negative shifts in the masses
of the Σ∗b and Σ
∗
c baryons, representing the attraction of
these states by the medium. The masses of Ξ∗Q and Ω
∗
Q
baryons remains roughly unaffected by the medium. As
far as the ratios of the residues are concerned, we see
again considerable negative shifts in Σ∗Q channels. The
shift in the residue of Σ∗c baryon is maximum and reaches
to roughly 27% of its vacuum value. The residues of Ξ∗Q
and Ω∗Q baryons are slightly affected by the medium. The
maximum vector self energy belongs to the Σ∗b baryon in
cold nuclear matter and amounts 420 MeV , while the
minimum one belongs to the Ω∗c baryon with amount of
55 MeV .
m∗BQ/mBQ Σv,BQ/mBQ λ
∗
BQ
/λBQ
Σ∗b 0.946
+0.015
−0.018 0.072
+0.017
−0.015 0.755
+0.037
−0.032
Σ∗c 0.985
+0.011
−0.010 0.054
+0.010
−0.009 0.728
+0.025
−0.023
Ξ∗b 0.999
+0.011
−0.009 0.005
+0.001
−0.001 0.976
+0.009
−0.008
Ξ∗c 1.003
+0.001
−0.001 0.004
+0.001
−0.001 0.971
+0.005
−0.004
Ω∗b 1.004
+0.002
−0.001 0.002
+0.001
−0.001 0.984
+0.008
−0.007
Ω∗c 1.007
+0.003
−0.002 0.002
+0.001
−0.001 0.978
+0.004
−0.003
TABLE III: Mean values of the ratios m∗BQ/mBQ ,
Σv,BQ/mBQ and λ
∗
BQ
/λBQ at saturation nuclear matter den-
sity.
In summary, the in-medium properties of the spin−3/2
Σ∗Q, Ξ
∗
Q and Ω
∗
Q heavy baryons have been investigated
using the in-medium two point QCD sum rule method.
We discussed the behaviors of the ratios m∗BQ/mBQ ,
Σv,BQ/mBQ and λ
∗
BQ
/λBQ with respect to the changes
of the cold nuclear matter density as well as the two
auxiliary parameters entered the calculations. We ob-
served that the masses and residues of the Σ∗Q baryons
receive considerable shifts due to the medium, represent-
ing attractions of these states by the nuclear matter. The
masses and residues of the Ξ∗Q and Ω
∗
Q baryons are not af-
fected by the medium, considerably. The maximum vec-
tor self energy belongs to the Σ∗b baryon in cold nuclear
matter with amount of 420 MeV , while the minimum
one belongs to the Ω∗c channel, which amounts 55 MeV .
The results of the present study may be used in analyses
of the results of the heavy ion collision experiments as
well as in the study of the heavy baryon-nucleon inter-
actions. Some in-medium experiments like PANDA plan
to measure parameters of the heavy hadrons, especially
the charmed channels, in nuclear matter (for instance see
Refs. [67, 68]). Our predictions can also be used in anal-
yses of the results of such experiments.
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Appendix: Correlation functions of OPE side in
terms of quark propagators for Σ∗Q,Ξ
∗
Q and Ω
∗
Q
baryons
In this Appendix, we collect the results for correlation
functions in OPE side obtained after inserting the inter-
polating currents and contracting out the quark fields.
For the particles Σ∗Q and Ξ
∗
Q containing two different light
quarks, we get
Π
Σ∗Q,Ξ
∗
Q
µν = −
2
3
iǫabcǫa′b′c′
∫
d4xeipx
〈
ψ0
∣∣∣{Sca′Q γνS′bb′q2 γµSac′q1 + Scb′Q γνS′aa′q1 γµSbc′q2 + Sca′q2 γνS′bb′q1 γµSac′Q
+ Scb
′
q2 γνS
′aa′
Q γµS
bc′
q1 + S
cb′
q1 γνS
′aa′
q2 γµS
bc′
Q + S
ca′
q1 γνS
′bb′
Q γµS
ac′
q2 + Tr
[
γµS
ab′
q1 γνS
′ba′
q2
]
Scc
′
Q
+ Tr
[
γµS
ab′
Q γνS
′ba′
q1
]
Scc
′
q2 + Tr
[
γµS
ab′
q2 γνS
′ba′
Q
]
Scc
′
q2
∣∣∣ψ0〉,
(A.1)
where the light quark flavours q1 and q2 are given in Table I. For Ω
∗
Q, we have
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Π
Ω∗Q
µν = −
1
3
iǫabcǫa′b′c′
∫
d4xeipx
〈
ψ0
∣∣∣{Sca′Q γνS′ab′s γµSbc′s − Sca′Q γνS′bb′s γµSac′s − Scb′Q γνS′aa′s γµSbc′s
+ Scb
′
Q γνS
′ba′
s γµS
ac′
s + S
ca′
s γνS
′ab′
Q γµS
bc′
s − S
ca′
s γνS
′bb′
Q γµS
ac′
s + S
ca′
s γνS
′ab′
s γµS
bc′
Q
− Sca
′
s γνS
′bb′
s γµS
ac′
Q − S
cb′
s γνS
′aa′
Q γµS
bc′
s + S
cb′
s γνS
′ba′
Q γµS
ac′
s − S
cb′
s γνS
′aa′
s γµS
bc′
Q
+ Scb
′
s γνS
′ba′
s γµS
ac′
Q − S
cc′
s Tr
[
Sba
′
Q γνS
′ab′
s γµ
]
+ Scc
′
s Tr
[
Sbb
′
Q γνS
′aa′
s γµ
]
− Scc
′
s Tr
[
Sba
′
s γνS
′ab′
Q γµ
]
− Scc
′
Q Tr
[
Sba
′
s γνS
′ab′
s γµ
]
+ Scc
′
s Tr
[
Sbb
′
s γνS
′aa′
Q γµ
]
+ Scc
′
Q Tr
[
Sbb
′
s γνS
′aa′
s γµ
]∣∣∣ψ0〉.
(A.2)
where S′ijn = CS
′ij,T
n C. The abbrevation Tr[...] repre-
sents the trace of the gamma matrices. In the fixed point
gauge, the expressions of light Sq and heavy SQ quark
propagators are given in Refs. [56, 60].
[1] C. Patrignani et al. (Particle Data Group), Chin. Phys.
C, 40, 100001 (2016).
[2] M. Artuso et al. [CLEO Collaboration], “Observation of
new states decaying into Λ+c pi
−pi+,” Phys. Rev. Lett. 86,
4479 (2001) [hep-ex/0010080].
[3] B. Aubert et al. [BaBar Collaboration], “A Study of
Excited Charm-Strange Baryons with Evidence for new
Baryons Ξc(3055)
+and Ξc(3123)
+,” Phys. Rev. D 77,
012002 (2008) [arXiv:0710.5763 [hep-ex]].
[4] T. Lesiak et al. [Belle Collaboration], “Measurement of
masses of the Ξc(2645) and Ξc(2815) baryons and obser-
vation of Ξc(2980) → Ξc(2645)pi,” Phys. Lett. B 665, 9
(2008) [arXiv:0802.3968 [hep-ex]].
[5] T. Aaltonen et al. [CDF Collaboration], “Measurements
of the properties of Λc(2595), Λc(2625), Σc(2455), and
Σc(2520) baryons,” Phys. Rev. D 84, 012003 (2011)
[arXiv:1105.5995 [hep-ex]].
[6] R. Aaij et al. [LHCb Collaboration], “Measurement of the
properties of the Ξ∗0b baryon,” JHEP 1605, 161 (2016)
[arXiv:1604.03896 [hep-ex]].
[7] B. Aubert et al. [BaBar Collaboration], “Observation of
an excited charm baryon Ω∗c decaying to Ω
0
c γ,” Phys.
Rev. Lett. 97, 232001 (2006) [hep-ex/0608055].
[8] E. Solovieva et al., “Study of Ω0c and Ω
∗0
c Baryons at
Belle,” Phys. Lett. B 672, 1 (2009) [arXiv:0808.3677
[hep-ex]].
[9] T. Aaltonen et al. [CDF Collaboration], “First observa-
tion of heavy baryons Σb and Σ
∗
b ,” Phys. Rev. Lett. 99,
202001 (2007) [arXiv:0706.3868 [hep-ex]].
[10] R. Aaij et al. [LHCb Collaboration], “Observation of five
new narrow Ω0c states decaying to Ξ
+
c K
−,” Phys. Rev.
Lett. 118, no. 18, 182001 (2017) [arXiv:1703.04639 [hep-
ex]].
[11] S. S. Agaev, K. Azizi and H. Sundu, “On the nature of
the newly discovered Ω states,” EPL 118, no. 6, 61001
(2017) [arXiv:1703.07091 [hep-ph]].
[12] S. S. Agaev, K. Azizi and H. Sundu, “Interpretation of
the new Ω0c states via their mass and width,” Eur. Phys.
J. C 77, no. 6, 395 (2017) [arXiv:1704.04928 [hep-ph]].
[13] M. Karliner and J. L. Rosner, “Very narrow excited
Ωc baryons,” Phys. Rev. D 95, no. 11, 114012 (2017)
[arXiv:1703.07774 [hep-ph]].
[14] W. Wang and R. L. Zhu, “Interpretation of the newly
observed Ω0c resonances,” Phys. Rev. D 96, no. 1, 014024
(2017) [arXiv:1704.00179 [hep-ph]].
[15] B. Chen and X. Liu, “New Ω0c baryons discovered
by LHCb as the members of 1P and 2S states,”
arXiv:1704.02583 [hep-ph].
[16] T. M. Aliev, S. Bilmis and M. Savci, “Are the new excited
Ωc baryons negative parity states?,” arXiv:1704.03439
[hep-ph].
[17] G. Yang and J. Ping, “The structure of pentaquarks Ω0c
in the chiral quark model,” arXiv:1703.08845 [hep-ph].
[18] H. Huang, J. Ping and F. Wang, “Investigating the ex-
cited Ω0c states through ΞcK and Ξ
′
cK decay channels,”
arXiv:1704.01421 [hep-ph].
[19] Z. Zhao, D. D. Ye and A. Zhang, “Hadronic decay prop-
erties of newly observed Ωc baryons,” Phys. Rev. D 95,
no. 11, 114024 (2017) [arXiv:1704.02688 [hep-ph]].
[20] M. Padmanath and N. Mathur, “Quantum Num-
bers of Recently Discovered Ω0c Baryons from Lattice
QCD,” Phys. Rev. Lett. 119, no. 4, 042001 (2017)
[arXiv:1704.00259 [hep-ph]].
[21] R. Aaij et al. [LHCb Collaboration], “Observation of the
doubly charmed baryon Ξ++cc ,” Phys. Rev. Lett. 119, no.
11, 112001 (2017) [arXiv:1707.01621 [hep-ex]].
[22] M. Ablikim et al. [BESIII Collaboration], “Observation
of Zc(3900)
0 in e+e− → pi0pi0J/ψ,” Phys. Rev. Lett. 115,
no. 11, 112003 (2015) [arXiv:1506.06018 [hep-ex]].
[23] M. Ablikim et al. [BESIII Collaboration], “Observation
of a Charged Charmoniumlike Structure in e+e− →
pi+pi−J/ψ at
√
s = 4.26 GeV,” Phys. Rev. Lett. 110,
252001 (2013) [arXiv:1303.5949 [hep-ex]].
[24] S. K. Choi et al. [Belle Collaboration], “Observation of
a narrow charmonium - like state in exclusive B+− →
K+−pi+pi+J/ψ decays,” Phys. Rev. Lett. 91, 262001
(2003) [hep-ex/0309032].
[25] S. K. Choi et al. [Belle Collaboration], “Observation of a
resonance-like structure in the pi+−ψ′ mass distribution
in exclusiveB → Kpi+−ψ′ decays,” Phys. Rev. Lett. 100,
142001 (2008) [arXiv:0708.1790 [hep-ex]].
[26] R. Mizuk et al. [Belle Collaboration], “Dalitz analysis of
B → Kpi+ψ′ decays and the Z(4430)+ ,” Phys. Rev. D
80, 031104 (2009) [arXiv:0905.2869 [hep-ex]].
12
[27] K. Chilikin et al. [Belle Collaboration], “Experimental
constraints on the spin and parity of the Z(4430)+ ,”
Phys. Rev. D 88, no. 7, 074026 (2013) [arXiv:1306.4894
[hep-ex]].
[28] A. Bondar et al. [Belle Collaboration], “Observa-
tion of two charged bottomonium-like resonances in
Y(5S) decays,” Phys. Rev. Lett. 108, 122001 (2012)
[arXiv:1110.2251 [hep-ex]].
[29] A. Garmash et al. [Belle Collaboration], “Amplitude
analysis of e+e− → Υ(nS)pi+pi− at √s = 10.865 GeV,”
Phys. Rev. D 91, no. 7, 072003 (2015) [arXiv:1403.0992
[hep-ex]].
[30] Z. Q. Liu et al. [Belle Collaboration], “Study of e+e− →
pi+pi−J/ψ and Observation of a Charged Charmonium-
like State at Belle,” Phys. Rev. Lett. 110, 252002 (2013)
[arXiv:1304.0121 [hep-ex]].
[31] R. Aaij et al. [LHCb Collaboration], “Observation of
J/ψφ structures consistent with exotic states from am-
plitude analysis of B+ → J/ψφK+ decays,” Phys. Rev.
Lett. 118, no. 2, 022003 (2017) [arXiv:1606.07895 [hep-
ex]].
[32] R. Aaij et al. [LHCb Collaboration], “Amplitude analysis
of B+ → J/ψφK+ decays,” Phys. Rev. D 95, no. 1,
012002 (2017) [arXiv:1606.07898 [hep-ex]].
[33] S. S. Agaev, K. Azizi and H. Sundu, “Open charm-
bottom axial-vector tetraquarks and their properties,”
Eur. Phys. J. C 77, no. 5, 321 (2017) [arXiv:1702.08230
[hep-ph]].
[34] K. Azizi, Y. Sarac and H. Sundu, “Analysis of P+c (4380)
and P+c (4450) as pentaquark states in the molecular pic-
ture with QCD sum rules,” Phys. Rev. D 95, no. 9,
094016 (2017) [arXiv:1612.07479 [hep-ph]].
[35] S. S. Agaev, K. Azizi and H. Sundu, “Open charm-
bottom scalar tetraquarks and their strong decays,”
Phys. Rev. D 95, no. 3, 034008 (2017) [arXiv:1611.00293
[hep-ph]].
[36] K. Azizi, Y. Sarac and H. Sundu, “Hidden Bottom Pen-
taquark States with Spin 3/2 and 5/2,” arXiv:1707.01248
[hep-ph].
[37] S. S. Agaev, K. Azizi and H. Sundu, “Testing the doubly
charged charm-strange tetraquarks,” arXiv:1710.01971
[hep-ph].
[38] T. M. Aliev, K. Azizi and M. Savci, “The masses and
residues of doubly heavy spin-3/2 baryons,” J. Phys. G
40, 065003 (2013) [arXiv:1208.1976 [hep-ph]].
[39] T. M. Aliev, K. Azizi and M. Savcı, “Properties of triply
heavy spin-3/2 baryons,” J. Phys. G 41, 065003 (2014)
[arXiv:1404.2091 [hep-ph]].
[40] T. M. Aliev, K. Azizi and M. Savci, “Masses and Residues
of the Triply Heavy Spin-1/2 Baryons,” JHEP 1304, 042
(2013) [arXiv:1212.6065 [hep-ph]].
[41] K. Azizi and H. Sundu, “Mass and magnetic dipole
moment of negative parity heavy baryons with spin–
3/2,” Eur. Phys. J. Plus 132, no. 1, 22 (2017)
[arXiv:1506.08440 [hep-ph]].
[42] H. X. Chen, W. Chen, Q. Mao, A. Hosaka, X. Liu
and S. L. Zhu, “P-wave charmed baryons from QCD
sum rules,” Phys. Rev. D 91, no. 5, 054034 (2015)
[arXiv:1502.01103 [hep-ph]].
[43] H. X. Chen, Q. Mao, A. Hosaka, X. Liu and S. L. Zhu,
“D-wave charmed and bottomed baryons from QCD
sum rules,” Phys. Rev. D 94, no. 11, 114016 (2016)
[arXiv:1611.02677 [hep-ph]].
[44] Z. G. Wang, “Analysis of Ω∗c(css) and Ω
∗
b (bss) with
QCD sum rules,” Eur. Phys. J. C 54, 231 (2008)
[arXiv:0704.1106 [hep-ph]].
[45] Z. G. Wang, “Analysis of Ω−b (bss) and Ω
0
c(css) with
QCD sum rules,” Eur. Phys. J. C 61, 321 (2009)
[arXiv:0809.3038 [hep-ph]].
[46] Z. G. Wang, “Reanalysis of the heavy baryon states
Ωb,Ωc,Ξ
′
b,Ξ
′
c,Σb and Σc with QCD sum rules,” Phys.
Lett. B 685, 59 (2010) [arXiv:0912.1648 [hep-ph]].
[47] D. Ebert, R. N. Faustov, V. O. Galkin, A. P. Marty-
nenko and V. A. Saleev, “Heavy baryons in the rel-
ativistic quark model,” Z. Phys. C 76, 111 (1997)
[hep-ph/9607314].
[48] L. H. Liu, L. Y. Xiao and X. H. Zhong, “Charm-strange
baryon strong decays in a chiral quark model,” Phys.
Rev. D 86, 034024 (2012) [arXiv:1205.2943 [hep-ph]].
[49] T. M. Aliev, K. Azizi and A. Ozpineci, “Mass and
Magnetic Moments of the Heavy Flavored Baryons with
J=3/2 in Light Cone QCD Sum Rules,” Nucl. Phys. B
808, 137 (2009) [arXiv:0807.3481 [hep-ph]].
[50] J. S. Liang and H. Shen, “Medium modifications of
baryon properties in nuclear matter and hypernuclei,”
Phys. Rev. C 88, no. 3, 035208 (2013) [arXiv:1304.4713
[nucl-th]].
[51] K. S. Jeong, G. Gye and S. H. Lee, “QCD sum rules for
the neutron, Σ, and Λ in neutron matter,” Phys. Rev. C
94, no. 6, 065201 (2016) [arXiv:1606.00594 [nucl-th]].
[52] X. M. Jin and M. Nielsen, “QCD sum rules for Sigma
hyperons in nuclear matter,” Phys. Rev. C 51, 347 (1995)
[hep-ph/9405331].
[53] Z. G. Wang, “Analysis of the ΛQ baryons in the nuclear
matter with the QCD sum rules,” Eur. Phys. J. C 71,
1816 (2011) [arXiv:1108.4251 [hep-ph]].
[54] Z. G. Wang, “Analysis of the doubly heavy baryons in
the nuclear matter with the QCD sum rules,” Eur. Phys.
J. C 72, 2099 (2012) [arXiv:1205.0605 [hep-ph]].
[55] E. G. Drukarev, M. G. Ryskin and V. A. Sadovnikov,
“Nucleon QCD sum rules in instanton medium,” J. Exp.
Theor. Phys. 121, no. 3, 408 (2015) [arXiv:1312.1449
[hep-ph]].
[56] K. Azizi, N. Er and H. Sundu, “Scalar and vector self-
energies of heavy baryons in nuclear medium,” Nucl.
Phys. A 960, 147 (2017) Erratum: [Nucl. Phys. A 962,
122 (2017)] [arXiv:1605.05535 [hep-ph]].
[57] K. Azizi, N. Er and H. Sundu, “Impact of finite density
on spectroscopic parameters of decuplet baryons,” Phys.
Rev. D 94, no. 11, 114002 (2016) [arXiv:1610.09368 [nucl-
th]].
[58] K. Ohtani, K. j. Araki and M. Oka, “Charmed Baryon
Λc in Nuclear Matter,” Phys. Rev. C 96, no. 5, 055208
(2017) [arXiv:1704.04902 [hep-ph]].
[59] A. Hosaka, T. Hyodo, K. Sudoh, Y. Yamaguchi and
S. Yasui, “Heavy Hadrons in Nuclear Matter,” Prog.
Part. Nucl. Phys. 96, 88 (2017) [arXiv:1606.08685 [hep-
ph]].
[60] T. D. Cohen, R. J. Furnstahl, D. K. Griegel and
X. m. Jin, “QCD sum rules and applications to nu-
clear physics,” Prog. Part. Nucl. Phys. 35, 221 (1995)
[hep-ph/9503315].
[61] T. D. Cohen, R. J. Furnstahl and D. K. Griegel, “Quark
and gluon condensates in nuclear matter”, Phys. Rev. C
45, 1881 (1992).
[62] V. M. Belyaev and B. L. Ioffe, “Determination of the
baryon mass and baryon resonances from the quantum-
chromodynamics sum rule. Strange baryons,” Sov. Phys.
13
JETP 57, 716 (1983) [Zh. Eksp. Teor. Fiz. 84, 1236
(1983)].
[63] B. L. Ioffe, “QCD at low energies,” Prog. Part. Nucl.
Phys. 56, 232 (2006) [hep-ph/0502148].
[64] A. W. Thomas, P. E. Shanahan and R. D. Young, Nuovo
Cim. C 035N04, 3 (2012) [arXiv:1202.6407 [nucl-th]].
[65] S. Dinter, V. Drach and K. Jansen, Int. J. Mod. Phys.
Proc. Suppl. E 20, 110 (2011) [arXiv:1111.5426 [hep-lat]].
[66] J. M. Alarcon, J. Martin Camalich and J. A. Oller, “The
chiral representation of the piN scattering amplitude and
the pion-nucleon sigma term,” Phys. Rev. D 85, 051503
(2012) [arXiv:1110.3797 [hep-ph]].
[67] G. Wolf, G. Balassa, P. Kovcs, M. Ztnyi and S. H. Lee,
“Mass shift of charmonium states in p¯A collision”,
arXiv:1712.06537 [hep-ph].
[68] G. Wolf, G. Balassa, P. Kovcs, M. Ztnyi and S. H. Lee,
“Charmonium spectral functions in p¯A collision,” Acta
Phys. Polon. Supp. 10, 1177 (2017) [arXiv:1711.10372
[nucl-th]].
